Typhoid fever is caused by infection with Salmonella enterica serotype Typhi and is contracted yearly by 22 million people, of whom 1200,000 die. Paratyphoid fever caused by Salmonella enterica serotype Paratyphi is a highly similar disease that infects 15 million people a year [1] . Typhoid fever and paratyphoid fever are together referred to as enteric fever, which is characterized by prolonged fever, malaise, and weight loss. The route of transmission of the enteric pathogens is through food and drinks. When the pathogens succeed in crossing the epithelial lining of the intestinal tract, they can enter the bloodstream and enteric fever is initialized.
One of the proteins expressed on the intestinal mu-cosa is the cystic fibrosis transmembrane conductance regulator (CFTR), which is the affected protein in cystic fibrosis (CF). In infectious diseases, CFTR appears to play 2 contrasting roles; on the one hand, it facilitates adherence and entry of bacteria into the intestinal epithelial cells, thereby initiating disease, as appears to be the case with S. Typhi, and on the other hand, CFTR is used to internalize bacteria to eliminate them, as is the case with Pseudomonas aeruginosa in lung epithelial cells [2] . Of the CFTR protein residues, 103 through 117 are required for uptake of S. Typhi into intestinal cells, whereas only residues 113 through 117 (NKEER) are essential for binding to the type IVb S. Typhi pilus [3] . Determination of the crystal structure of the interacting CFTR peptides and the pilus-forming PilS proteins clearly confirmed the interaction [4] . The NKEER motif is only conserved in CFTR of apes and Old World monkeys, which may explain the strict host adaptation of S. Typhi to humans and some higher primates.
Blocking of CFTR with antibodies or by competition with synthetic peptides representing part of the extracellular domain of CFTR reduces the uptake of S. Typhi by cultured human epithelial cells. Human epithelial cells that are homozygous for the most common CFTR mutation, F508del, internalize only a fraction of the S. Typhi that are internalized by the same cells harboring a wild-type CFTR expression construct. Although wild-type mice translocate large numbers (5.7 ϫ 10 5 ) of S. Typhi into the gastrointestinal submucosa, in heterozygous F508del mice translocation is reduced by 86%, and in homozygous F508del mice translocation is nearly 0% [3] . In addition, S. Typhi upregulates expression of CFTR protein on the intestinal epithelium [5] . Internalization (and thus elimination) of P. aeruginosa is also hampered in F508del-expressing cells [2] . The more important result of S. Typhi binding to CFTR may be the inhibition of innate immune responses that are required for elimination of pathogens. In the presence of intact CFTR, infection of epithelial cells with P. aeruginosa induces interleukin (IL) 1b-mediated NF-kB translocation to the nucleus, whereas this is absent in F508del cells [6] . The NF-kB translocation leads to IL-8 production, amongst others [6] and subsequent influx of neutrophils, which provide the major defense against bacteria [7] . In contrast, infection of intestinal mucosa with S. Typhi does not induce IL-8 expression [8] , which explains the lack of neutrophils in intestinal infiltrates of patients with typhoid fever. Whether this is due to manipulation of the response by binding of S. Typhi to CFTR has not yet been investigated.
CF is rarely observed in Indonesians, and even the most common CF mutation, F508del, which is present heterozygously in 2%-5% of healthy individuals in white populations, was not found once in 775 Indonesian individuals tested [9] . CF is rare in Asia, where in addition to a low frequency of CFcausing mutations, underdiagnosis may explain part of the low CF incidence [10] . Underdiagnosis can be a problem in countries where CF-related failure to thrive is hard to distinguish from failure to thrive because of other, poverty-related problems. However, in a rich country such as Japan, where the quality of medical care is high, underdiagnosis is unlikely to explain the extremely low CF incidence. Diseases that are associated with mild CFTR mutations, such as bronchiectasis, chronic pancreatitis, and congenital bilateral absence of the vas deferens (CBAVD), are present in Asia [11, 12] .
Milder variations in CFTR may provide a selective advantage in case of exposure to salmonellae causing enteric fever and may provide a selective disadvantage to infections with bacteria that, like P. aeruginosa, require CFTR for elimination. We have previously shown that a microsatellite polymorphism in intron 8, IVS8CA, of the CFTR gene was associated with protection from enteric fever ( ) in a case-control study in Jakarta, P p .003 Indonesia. The strongest association was found between the most common IVS8CA genotypes and protection from typhoid fever ( ) [9] . P ! .001 To identify the functional variants in the CFTR protein responsible for the difference in susceptibility to enteric fever, we first explored which CFTR variants are present in the Indonesian population. We sequenced all 27 exons of the CFTR gene in genomic DNA from 25 individuals. The frequencies of the polymorphisms that were observed more than once were then determined in the full cohort of the case-control study from Jakarta, Indonesia.
METHODS
Typhoid fever cohort. The patients and control subjects have been described previously [13, 14] . In brief, in a prospective, community-based, passive surveillance study in the Jatinegara district in East Jakarta, Indonesia, participants were 1019 consecutive individuals living in the study area who presented with у3 days of fever. Blood was taken to determine the presence of S. Typhi or S. Paratyphi. Patients with positive blood cultures were designated enteric fever patients ( ). During the n p 116 study, community control subjects ( ) were randomly n p 322 selected within a random household in every third rukun tetangga (the smallest administrative unit of 40-60 area households) of a total of 1140 rukun tetanggas in the study area. The selection of control subjects was nonmatched for age, sex, or neighborhood to limit selection bias and prevent overmatching. DNA was isolated from blood in accordance with standard procedures [15] . Ethical clearance was obtained from the Indonesian National Institute of Health Research and Development and the local provincial authorities.
Identification of variations in CFTR.
Polymerase chain reaction (PCR) assays were performed on 100 ng of genomic DNA in 10 mM Tris hydrochloride, 50 mM potassium chloride, 0.1% Triton X-100, 1.5 mM magnesium chloride, 200 mM dNTPs, 10 pmol of each primer, and 0.5 U of Taq DNA polymerase (Promega). Primer sequences and cycling conditions are available on request. PCR products were purified using a QIAquick PCR purification kit (Qiagen), and sequence reactions were performed in accordance with the procedure outlined by Sanger et al [16] , with the ABI PRISM Big Dye Terminators v 3.1 Cycle Sequencing Kit (Applied Biosystems). Reaction products were analyzed on an ABI PRISM 3700 DNA Analyzer (Applied Biosystems). Sequences were analyzed using Chromas (Technelysium) and DNAMAN (Lynnon) software. Nucleotide numbering uses the A of the ATG as +1 from sequence NM_000492. The genomic reference sequence for CFTR is NT_007933 [17] . Exon numbering follows the report on identification of CFTR [18] and the CFTR mutation database [19] .
Fragment length analysis. PCR assays for the IVS6a GATT n polymorphism were performed as described herein. The forward primer was 5'FAM labeled; primer sequences and cycling conditions are available on request. PCR products were diluted in water; 1 mL of diluted product was added to 8.8 mL of HiDi formamide and 0.2 mL of 400 HD-ROX size standard (Applied Biosystems) and heated to 95ЊC for 5 minutes. Products were run on an ABI Prism 3700 DNA Analyzer (Applied Biosystems), and results were analyzed using GeneScan Analysis and Genotyper software (Applied Biosystems). Several alleles were sequenced to verify allele lengths. Direct sequencing. PCR assays for the IVS8 TG n and T n polymorphisms were performed as described herein. PCR products were purified by filtration through Sephadex G-50 resin (Amersham Biosciences) in a 96-well MultiScreen-HV plate (Millipore), and sequence reactions were performed and analyzed as described herein.
High-resolution melting analysis. PCR assays were performed on 20 ng of genomic DNA in 50 mM Tris hydrochloride, 10 mM potassium chloride, 5 mM (NH 4 ) 2 SO 4 , 2 mM magnesium chloride with pH 8.3 (Roche), 200 mM dNTPs (Invitrogen), 0.5 pmol of F-primer, 5 pmol of R-primer, 5 pmol of nonfluorescent melting probe, 1 mL of LCGreen PLUS (Idaho Technology), and 0.5 U of FastStart-Taq polymerase (Roche) in a total volume of 10 mL, covered with 15 mL of mineral oil (Sigma). Cycling conditions were 10 minutes at 95ЊC, 55 cycles of 20 seconds at 95ЊC, 30 seconds at 57ЊC-64ЊC, 40 seconds at 72ЊC, followed by a final extension for 5 minutes at 72ЊC and 1 minute at 95ЊC. For primer and probe sequences and annealing temperatures, see Table 1 . Melting was performed in a light scanner (HR96; Idaho Technology) at a temperature increasing from 55ЊC to 98ЊC at 0.1ЊC per second. Melting curves were analyzed with LightScanner software (Idaho Technology).
Statistical analysis. Genotyping data were imported into SPSS statistical software, version 11.5 (SPSS), for statistical analysis. The Hardy-Weinberg equilibrium of each polymorphism was checked using the HWE software program [20] . The program CONTING was used to calculate x 2 and associated P values for contingency tables [20] . All P values are 2-sided. was considered to be significant. P ! .05
RESULTS
In total, 116 enteric fever patients were enrolled in the study, 90 of whom had blood culture-confirmed typhoid fever and 26 of whom had blood culture-confirmed paratyphoid fever. We also included 322 random community control subjects. The population of Jatinegara is a mixture of Indonesians from different Indonesian islands; on the basis of the sublocation in the area and the patients' names, the ethnic makeup of the study groups did not differ. Demographic data have been described in more detail elsewhere [14] . The 27 exons of the CFTR gene (26 exons in full and the last exon until 60 nt past the stop codon) and their flanking splice sites were sequenced in DNA from 25 healthy control subjects with a distribution of IVS8CA microsatellite alleles similar to that observed in the population previously [9] . We identified 12 variations, 5 of which were observed only once (Table 2 ) and were not genotyped in the full cohort. The 7 polymorphisms that were detected more frequently were a IVS6a GATT repeat polymorphism 9 base pairs (bp) upstream of exon 6b, a variation in the number of TG repeats 16 bp upstream of exon 9, an adjacent variation in the number of Ts 6 bp upstream of exon 9, the common 1408G1A coding singlenucleotide polymorphism (SNP) (leading to V470M), the silent SNP 2562T1G, the 4056G1C mutation (leading to Q1352H), and the silent SNP 4389G1A (Table 3) .
The variations 1408G1A, 2562T1G, 4056G1C, and 4389G1A were subsequently genotyped in the full cohort by means of high-resolution melting analysis [22] (Table 3 ). The IVS6a GATT n polymorphism was genotyped in the full cohort by means of fragment length analysis. Both previously described alleles (GATT 6 and GATT 7 ) were observed, as well as a new allele, GATT 4 , which was identified in 1 individual. The IVS8 TG n and T n variations were genotyped in the full cohort by direct sequencing. All variations were in Hardy-Weinberg equilibrium in the combined groups and in the separate groups.
No significant differences in allele distributions were observed between case patients and control subjects for any of the variations (Table 3 ). The most common genotypes of 2 Bar graph comparing individuals who have у1 of the CFTR expression-affecting variations (the mutation Q1352H, the IVS8 TG n repeat alleles TG 13 or TG 15 , the IVS8 T n repeat allele T 5 , or 1 of the common genotypes [IVS8 TG 11 TG 12 or 2562TG] that we found to protect from enteric fever) with individuals who have none of these variations. The individuals who have у1 protective variations are protected from developing enteric fever ( ). P ! .01 variations, the IVS8 TG repeat and the 2562T1G SNP, appear to be different between case patients and control subjects; only the IVS8 TG-repeat distribution was significantly different ( ) (Table 4 ). The most common genotype of the IVS8 P p .04 TG repeat, TG 11 TG 12 , provided modest protection from enteric fever (odds ratio [OR], 0.63; 95% confidence interval [CI], 0.41-0.98). The genotype distributions of the other variations were not different between case patients and control subjects (Table 4) .
Because reduced expression of CFTR is known to reduce Salmonella uptake in mice [3] , we determined whether the more rare variations that are known to affect CFTR function contribute to protection from enteric fever. Several CFTR variations have been proven to affect CFTR protein function and expression directly (Q1352H) or are known to affect CFTR messenger RNA (mRNA) splicing (IVS8 TG n alleles TG 13 and TG 15 and the T n repeat allele T 5 ) and subsequent protein expression. In 63 case patients and 218 control subjects, у1 of the following variations were present: the Q1352H mutation, the IVS8 T 5 allele, the IVS8 TG 13 or TG 15 allele, the most common TG n repeat genotype TG 11 TG 12 , or the most common 2562T1G genotype TG. In 53 case patients and 104 control subjects, none of these variations were present (Figure 1) . Individuals who harbored у1 of these CFTR variations had a significantly lower risk ( ) of developing enteric fever than individuals who P ! .01 had none of these variations. The OR of having enteric fever was 0.57 (95% CI, 0.37-0.87) when these CFTR variations were present.
DISCUSSION
We have identified the variations that are present in the CFTR gene in the Indonesian population and analyzed the distribution of alleles and genotypes of common polymorphisms in an enteric fever case-control study. Although the genotype distribution of only 1 variation, the IVS8 TG repeat, was significantly different between case patients and control subjects, we found that harboring у1 variation that affects CFTR protein function protects individuals from developing enteric fever. None of the variations, however, explained the strong association we found in a previous study between the IVS8CA repeat and susceptibility to enteric fever, indicating that the IVS8CA repeat itself may be the functional variant modulating susceptibility.
During the initial screen that involved sequencing of all 27 CFTR exons in 25 individuals, 12 variations were identified. Five of these were identified only once and were therefore not further analyzed in the full cohort, 2 of which, N287K and I556V, had been reported before as mutations and 1 of which, L435V, was identified for the first time. The mutation N287K has been reported once, in a patient with CBAVD from Taiwan [12] . I556V had been identified in Korean individuals and molecularly proven to be defective [11] . The novel variation L435V may be either a polymorphism or a mutation; experimental data are required to determine the functional effect of this variation. The other 2 variations that were identified only once, Ϫ8G1C and 3870A1G, are detected at low frequencies in other populations as well [17] . Apart from the F508del mutation that we reported previously to be absent in the Indonesian population [9] , no variations with a minor allele frequency of 15% in other populations [17] were absent from the Indonesian cohort.
The variations that were detected more frequently during the initial screen were genotyped in the full cohort. Several of these variations are known to affect CFTR function. For example, alternative splicing (skipping) particularly of exon 9 has been observed frequently in the processing of CFTR transcripts in both CF patients and healthy control subjects [23] and is caused directly by variations in the 2 repeat polymorphisms, IVS8 TG n and IVS8 T n in intron 8, close to the splice acceptor site [24, 25] . Although exon 9 skipping maintains the reading frame of the mRNA, the resulting protein is being misfolded and retained inside the cell in the endoplasmic reticulum instead of being expressed on the membrane [26, 27] . The 3 common polymorphisms 1408G1A (in exon 10), 2562T1G (in exon 14a), and 4389G1A (in exon 24) have been reported to change exonic splice enhancer motifs, which could lead to alternative splicing of the harboring exons but have instead been found to influence exon 9 and 12 splicing [23] . Another example is the mutation in exon 22 that leads to the amino acid change Q1352H; this variation was identified in Korean, Japanese, and Singapore Chinese individuals [11, 28, 21] and was proven molecularly to be defective, and expression was reduced by 75% [11] . In Korean individuals, Q1352H was associated with pancreatitis and bronchiectasis [11] , whereas in Japan it was found in several patients with CBAVD [28] . No significant differences were detected in allele distributions of these variations, and genotype distribution of only 1 variation, the IVS8 TG n repeat, was significantly different between case patients and control subjects.
Harboring у1 of the protein expression-affecting variations, the IVS8 TG 11 TG 12 genotype or the 2562TG genotype, appeared to have a protective effect against developing enteric fever. Unfortunately, no cells or mRNA was available from the participants in this study to allow analysis of RNA splicing or CFTR protein expression to corroborate the findings; nonetheless, these findings support the hypothesis we set out to test in our initial publication (ie, a variation that affects CFTR expression [the F508del mutation] protects patients from developing enteric fever [9] ).
Little is known about host genetic factors that influence susceptibility to enteric fever, and only 3 cohorts have been studied thus far. Small associations were found with a TNF polymorphism in a Vietnamese population but not in the Indonesian population and with a PARK2/PACRG polymorphism that was previously found to be associated with susceptibility to infection with Mycobacterium leprae, another intracellular bacterium [29] . In Indonesia, an HLA-DRB polymorphism was found to be associated with severity of typhoid fever [30] . A strong association has been found with a haplotype in the major histocompatibility class II region in the Vietnamese population; however, it could not be ruled out that this association was with disease severity rather than with susceptibility to enteric fever [31] . Thus far, the association found with a CFTR polymorphism [9] was the only strong association that was clearly correlated to disease susceptibility.
The CFTR genotypes we previously found to be associated with protection from enteric fever were the common IVS8CA repeat genotypes [9] . None of the CFTR variations analyzed in the current study, however, reflect the effect of the IVS8CA repeat genotypes. Three explanations are possible. First, the IVS8CA repeat variation we previously identified to be associated with susceptibility is itself the variation that has an effect on CFTR function. This variation, present in intron 8 at only 275 bp upstream of exon 9, could directly affect exon 9 splicing. Exon 9 appears to be most prone to alternative splicing, and even variations in other exons have been shown to affect exon 9 splicing [23] . It is known that a larger area of intron 8 behaves like an intronic splicing silencer and mediates exon 9 splice inhibition [32] . The specific effect of the IVS8CA repeat on exon 9 splicing has, however, not yet been studied. Second, the association we identified before between the IVS8CA repeats and enteric fever is not due to functional variations in CFTR but instead reflects the effect of functional variations in nearby genes. Third, the association we identified was a spurious association. This, however, is unlikely because the association became more pronounced when we analyzed only typhoid fever case patients instead of all enteric fever case patients, even though the former was a smaller group. Of these 3 explanations, we believe that the first is the most likely.
In conclusion, we identified the variations that are present in the CFTR gene in the Indonesian population and analyzed the distribution of alleles and genotypes of common polymorphisms in an Indonesian enteric fever case-control study. Although a combination of variations gives modest protection from enteric fever, none of the variations explained the strong association we found in a previous study between the IVS8CA repeat and susceptibility to enteric fever. This may indicate that the IVS8CA repeat polymorphism studied initially is the variation that induces a functional variation in CFTR.
